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INTRODUCTION
Philadelphia chromosome-positive (Ph+) cases of B cell acute lymphoblastic leukemia (B-ALL) and chronic myelogenous leukemia (CML) are driven by the Bcr-Abl fusion tyrosine kinase. Studies in mouse models have shown that the Src family tyrosine kinases (SFKs) Lyn, Hck, and Fgr are required for the induction of Bcr-Abl-positive B-ALL, but not for the development of CML (1) . In mouse models of CML, SFKs are implicated in the transition from the initial chronic phase of the disease to the more advanced and aggressive blast crisis stage (2) .
The tyrosine kinase inhibitor (TKI) dasatinib (Sprycel) causes substantial positive hematological and cytogenetic clinical responses in patients with Ph+ CML or ALL who cannot tolerate or are resistant to the partially selective Abl inhibitor imatinib mesylate (Gleevec) (3, 4) . Dasatinib is also more effective than imatinib in controlling mouse models of B-ALL and of CML progression to blast crisis (2) . Dasatinib has dual specificity against both SFKs and Abl kinases and overall has an intermediate degree of specificity in that it also targets a handful of other kinases (5, 6) . In contrast, imatinib is more than 100 times less effective at inhibiting SFKs in comparison to Abl (6) (7) (8) . In the context of hematopoietic cells, leukemia, and Bcr-Abl and SFKs, it is noteworthy that dasatinib also inhibits Kit, Tec kinases, and C-terminal Src kinase (Csk). Nonetheless, SFKs are likely some of the most upstream Bcr-Abl-activated, dasatinib-sensitive kinases in leukemia systems. In patient samples, the increased activity of the SFKs Lyn and Hck is associated with resistance to imatinib in cell lines and clinical specimens from patients in late-stage CML (9) (10) (11) (12) (13) . Moreover, Lyn silencing induces apoptosis of primary CML blast cells while leaving normal hematopoietic cells unaffected (14) . Together, these observations point to a critical role for SFKs in subsets of Bcr-Abl-driven pathologies.
SFK function is regulated by tyrosine phosphorylation of critical activation and inhibitory sites, by subcellular localization, by molecular interaction with Src homology 2 (SH2) and SH3 binding proteins, and by ubiquitination and proteasome-mediated degradation (15, 16) . SFK catalytic activity is increased by phosphorylation of a tyrosine residue present within the activation loop. This phosphorylation may occur through autophosphorylation and induces a conformational change in the catalytic domain that favors enzymatic activity. Conversely, the phosphorylation of a tyrosine residue located near the C terminus inhibits SFK activity. The final amount of SFK activity is thus the result of the equilibrium between the kinases and the phosphatases that control the phosphorylation status of these two sites.
Many different proteins directly or indirectly regulate SFK activity. Csk phosphorylates the C-terminal tyrosine of SFKs, leading to intramolecular interactions between the site of phosphorylation and the SH2 domains of SFKs, resulting in enzymatic inhibition. Apart from its kinase activity, Csk also interacts through its SH2 and SH3 domains with various proteins, including tyrosine phosphatases and several adaptor proteins. For example, when phosphorylated at specific tyrosine residues, the membrane-bound adaptor Pag1 [phosphoprotein associated with glycosphingolipid microdomains 1, also known as Csk-binding protein (Cbp); hereafter, Pag1] recruits Csk to the plasma membrane, resulting in the inhibition of membrane-localized SFK activity (17, 18) . Conversely, the dephosphorylation of the same residues of Pag1, mediated by the tyrosine phosphatase Shp2 (Ptpn11), leads to SFK activation by limiting the recruitment of Csk (19) . The finding that some Src family members phosphorylate the Csk binding site of Pag1 (17, 20, 21) suggests the existence of a negative feedback mechanism controlling SFK activity (22) . The tyrosine phosphatase Ptpn18 (also known as PTP-HSCF), which dephosphorylates the activation domain tyrosine of SFKs, also binds Csk and acts synergistically with Csk to inhibit signaling events triggered by SFKs (23) .
Here, we investigated the role of SFKs in Ph+ leukemias by providing a system-wide characterization of SFK-related tyrosine phosphorylation events in a Bcr-Abl-driven leukemia cell line model. By perturbing the signaling network at the SFK nodes through pharmacological inhibition or genetic manipulation and measuring the proteome-wide changes in tyrosine phosphorylation by quantitative mass spectrometry (MS), we delineated Bcr-Abl and SFK substrates and constructed a context-dependent model of the feedback mechanisms controlling SFK activity. The most responsive events to SFK perturbation included phosphorylation of proteins associated with three SFK negative feedback mechanisms. Nonetheless, activation from Bcr-Abl appeared to overpower this feedback to promote SFK signaling. Indeed, we also observed the Bcr-Abl-mediated phosphorylation of the phosphatase Shp2, and this phosphorylation may contribute to the repression of SFK negative feedback through Shp2-mediated dephosphorylation of Pag1 (19) . Finally, perturbation of the SFK negative regulator Csk revealed global network effects on phosphorylation. We found similar global repression, using either wild-type or kinase-deficient Csk, implicating the adaptor protein role of Csk over its inhibitory kinase function.
RESULTS

Network bifurcation revealed by differential dose-response sensitivities
Our approach for investigating network-wide SFK-dependent phosphorylation response patterns in Bcr-Abl-positive cells involved three steps ( fig. S1 ). We perturbed the network (i) with the TKI dasatinib that inhibits the kinase activity of Bcr-Abl mutants and SFKs with differing specificities, (ii) by stable overexpression of SFKs, or (iii) by stable overexpression of wild-type or kinase-deficient SFK regulators. Next, we measured the changes induced by these perturbations with a quantitative MS-based phosphoproteomic assay (24) (25) (26) . Finally, we analyzed the phosphorylation events with bioinformatic techniques that incorporate interactions and motifs reported in literature-based protein function and interaction databases. Through the combination of phosphoprofiling and literature-guided analysis, we identified specific subnetworks involved in SFK feedback regulation in the context of Bcr-Abl-driven signaling.
There are many examples of point mutations in the Abl kinase domain that give rise to clinical resistance to Bcr-Abl inhibitors (27, 28) . We analyzed murine pro-B, lymphoid, Ba/F3 cells transformed with either the T315A or the T315I mutant of Bcr-Abl, which exhibit differential sensitivities to dasatinib, allowing the effect of dasatinib on Bcr-Abl to be distinguished from its effect on SFKs (Fig. 1A) . The Ba/F3 lymphoid system provides a model for Bcr-Abl-positive leukemias in general, including the clinically challenging subset of Bcr-Abl-positive lymphoid B-ALL (3, 12, 29, 30) . The T315A Bcr-Abl mutant is 100 times more resistant to dasatinib inhibition than are the SFKs [T315A Bcr-Abl IC 50 (median inhibitory concentration) for growth inhibition, 125 nM; wildtype Bcr-Abl IC 50 , 1.3 nM (27) ; binding constant (K d ), 0.5 nM (5, 6); SFK K d , 0.2 to 0.8 nM (5, 6)], and the T315I mutant is 1000-fold more resistant to dasatinib inhibition than is unmutated Bcr-Abl [T315I K d , 590 nM (6); IC 50 for growth inhibition >1000 nM (28) ]. The T315A mutation results in a loss of fitness in the absence of drug and confers a milder resistance to dasatinib than that conferred by the T315I mutant, which in the absence of drug is a gain-of-fitness mutation (24, 31) .
We performed dose-escalation experiments with Ba/F3 cells transformed with the Bcr-Abl T315A variant. Each sample was treated for 2 hours with defined concentrations of dasatinib. After cell lysis and trypsin digestion of the total proteins, tyrosine-phosphorylated peptides were specifically enriched with pan-specific antibodies that recognize peptides containing phosphorylated tyrosines (anti-phosphotyrosine antibodies) (25, 32) . Detection, identification, and quantitation of the phosphopeptides were subsequently performed by liquid chromatography-tandem MS (LC-MS/MS) (see Materials and Methods). Unsupervised hierarchical clustering of the amount of tyrosine phosphorylation identified three groups of events with different dose-response sensitivities (Fig. 1B and fig. S2 ). The most sensitive group, with a median effective concentration (EC 50 ) estimated at 0.3 nM, likely includes phosphorylation events downstream of SFKs. The events in the most resistant group are likely phosphorylated independently of SFKs because their estimated EC 50 (50 nM) is close to the previously reported EC 50 of T315A Bcr-Abl (125 nM) (28) . The events in the intermediate group (EC 50~9 nM) are likely regulated in a more complex manner, for example, by both Bcr-Abl and SFKs, by a different dasatinib-sensitive kinase, or by a combination of several dasatinibsensitive kinases. The intermediate specificity of dasatinib raises some potential ambiguity in the interpretation of these results, such as effects from inhibiting Csk, which has a K d of 1 nM for dasatinib (5, 6) . A small cluster of phosphorylation events that initially increased and then decreased with dose escalation was also observed. This bell-shaped dose response may represent targets of the convergence of more than one upstream regulatory pathway with differential dasatinib sensitivities. For example, SFK activity may indirectly impede phosphorylation of these substrates, whereas Bcr-Abl may promote their phosphorylation. We also observed a group of events that increased in phosphorylation upon dasatinib dose escalation, potentially due to release of Bcr-Abl-mediated repression. Control experiments with wild-type Bcr-Abl (p210) treated with dasatinib ( fig. S3 ) demonstrated that, at doses expected to inhibit the respective Bcr-Abl isoforms, the fold change responses of phosphorylation events within the signaling network to drug inhibition were similar irrespective of the isoform driving the signaling (correlation coefficient R = 0.85; fig. S3D ).
To statistically validate our interpretation that the most dasatinibsensitive tyrosine phosphorylation events are direct SFK targets or otherwise downstream of SFKs, we asked whether the associated proteins were enriched for SFK-interacting partners or SFK substrates. As an unbiased literature-based reference, we used the curated Human Protein Reference Database (HPRD) (33) , which includes enzyme-substrate interactions as well as other physical and functional interactions. Ranking proteins by the average sensitivity of their detected phosphosites to dasatinib, we found that the top of this sensitivity list was significantly enriched for proteins that interact with or are substrates of SFKs (Fig. 1C) . We calculated sensitivity scores as the sum of log fold changes induced by the low doses (5 and 25 nM) of dasatinib (see Materials and Methods). We found similar results with the dasatinib-resistant BcrAbl variant, T315I (table S1; see table S3 for the complete T315A and T315I data). The statistically significant enrichment signal supports our inference that the most dasatinib-sensitive tyrosine phosphorylation
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Bcr-Abl T315A/I events of the dose-escalation experiments occurred on known or candidate SFK interactors and substrates.
SFK-responsive phosphorylation events defined by kinase perturbation
To further expand and characterize the collection of SFK-related phosphorylation events, we genetically perturbed the SFK network by stable overexpression of the SFKs Lyn or Hck in Bcr-Abl (p210 isoform)-transformed Ba/F3 cells. Lyn and Hck are found primarily in hematopoietic cells, and increased abundance and activation of both these kinases has been found in leukemic blasts from imatinib-resistant CML patients (9, 10) . Lyn is present in lymphoid and myeloid cells, whereas Hck is mainly in cells of the myeloid lineage (16) . We generated multiple independent cell lines with varying degrees of Lyn and Hck overexpression (Fig. 2) . The global changes in tyrosine phosphorylation were identified and quantified by phosphoproteomic MS (left heat map, Fig. 3A) . Upon Lyn and Hck overexpression, the amount of tyrosine phosphorylation of many phosphosites was substantially increased. We also observed a smaller number of phosphosites that exhibited decreased tyrosine phosphorylation upon SFK overexpression. Combining the results obtained by the overexpression of Lyn and Hck in Bcr-Abl-transformed cells with those obtained by several independent dasatinib dose-escalation experiments using the Bcr-Abl dasatinib-resistant mutants T315A and T315I (right heat map, Fig. 3A ) allowed us to measure 484 unique tyrosine phosphorylation sites (table S3) .
As expected, many of the tyrosine phosphorylation events induced by SFK overexpression were repressed by drug inhibition, and vice versa. Accordingly, we assigned an "SFK perturbation response score" to each of these tyrosine phosphorylation events by summing the log of the fold change in the SFK activation experiments (SFK overexpression) and subtracting the sum of the log fold change in the low-dose samples of the SFK drug inhibition experiments and ranked the phosphorylation events by this perturbation response score (Fig. 3A) . We expect that a substantial number of the tyrosine phosphorylation events that correlate with SFK activity changes may be direct SFK substrates. In contrast, the tyrosine phosphorylation of sites with negative scores exhibited increased phosphorylation with inhibition of SFK activation and vice versa; they were anticorrelated with SFK activity. We expect that this subset of tyrosine phosphorylation sites is regulated indirectly by SFKs.
To validate our interpretation of the ranked phosphorylation sites, we used statistical enrichment approaches to compare our results with the literature through bioinformatic analyses. The observed phosphorylation sites were evaluated with their SFK perturbation response scores from all experiments combined, as well as with the scores based on overexpression and drug inhibition independently ( Fig. 3B and The presence of an Src motif was maximally enriched among the top 316 phosphorylation sites with the highest positive SFK perturbation response scores, indicating that this motif is widespread and only depleted among the group of sites with negative perturbation response scores found at the bottom of our list (Fig. 3, A and B, and table S1). Ranking proteins by the average SFK perturbation response score of their detected phosphosites, we found that the top of this ranked list was significantly enriched for proteins that interacted with or are substrates of SFKs ( Fig.   3B and table S1). Six of the top-scoring seven proteins are known SFK interactors (Was, Ptpn18, Fyb, Dapp1, Prkcd, and Pxn), four of which are also known SFK substrates (Was, Fyb, Dapp1, and Prkcd). When the same enrichment analysis was done with the Abl motif and Abl PPIs rather than those for SFKs, the degree of enrichment was not statistically significant ( fig. S4 ). Thus, our experimental design of drug and genetic perturbations targeted at SFKs preferentially enriches for SFK-related motifs, interactors, and substrates in comparison to the Abl-related versions of these properties.
We next defined the consensus sequence motifs of the top 50 phosphorylation sites that had positive SFK perturbation scores and of the 50 phosphorylation sites with SFK perturbation response scores closest to zero (correlated and unchanging phosphosites, respectively) (Fig. 3C) . Consistent with the Scansite-based enrichment analysis, the top 50 correlated phosphorylation sites had an in vivo-determined SFK perturba- (36) . All three of these motifs have glutamic and aspartic acid residues in positions −3 to −4 and +1 with respect to the tyrosine (Y) residue (Fig. 3C ). In contrast, we did not find a notable similarity to the known Src motif when we generated a consensus motif from the 50 phosphosites with scores closest to zero (Fig.  3C ). Previous studies have also established that Abl substrates tend to have a conserved proline at the +3 position (36) . We find that this proline Responses are shown as log fold change values of perturbed over control (red, positive log ratios; green, negative log ratios; gray, not measured). The phosphorylation events were ranked by the sum of their log ratios across overexpression conditions minus the sum of their log ratios across drug conditions (SFK perturbation response score) of the phosphosite. The incidence of a canonical "Src Kinase" motif among these phosphosites is also shown (yellow lines in ladder graph; based on the Scansite resource). The top 316 ranked phosphosites (bracket) are significantly enriched for Src motifs compared to the whole list, with a hypergeometric distribution-based permutation P value of 10 −3 (see Materials and Methods).
(B) SFK drug inhibition and overexpression perturbation approaches differentially enrich for SFK-related properties (SFK motifs, PPIs, and substrates). Plot shows the likelihood of the observed enrichment of phosphosites or proteins with the indicated SFK-related property at the top of our SFK perturbation response score-ranked lists. Enrichment analysis was performed after ranking phosphosite lists (in the case of motif properties) or protein lists (for the protein-based properties of interactions and substrates) by their perturbation scores with either both the drug-and overexpression-based perturbation experiments or subsets of experiments as indicated. The presence of Src motifs was determined with Scansite; PPIs and kinase substrates were defined by HPRD (substrates are a subset of PPIs). The red dotted line indicates the approximate point (0.01) where the hypergeometric distribution results yield a permutation analysis-based P value of 0.05. The asterisks indicate significant differences between drug-and overexpression-based enrichment from permutation analysis (P Permutation < 0.05; table S1; see Materials and Methods). o/e, overexpression; high o/e, qualitative high-overexpressing cell lines (sets 2 and 3); low o/e, low-overexpressing cell lines (set 1) (based on the immunoblots in is equally present in both the correlated and the unchanged phosphosites in the list. Thus, whereas the top of our SFK perturbation response list is enriched for Src substrates, Abl substrates are more evenly distributed throughout the list. We used the Ingenuity Pathway Analysis software to characterize and visualize the degree of PPIs between the proteins containing the correlated and unchanging phosphosites and created a network for the top 40 correlated and 40 most unchanged proteins ( Fig. 3D and fig. S5 ). This analysis revealed that the correlated proteins (shown in red) interacted among themselves to form a highly connected network that included and made dense links with the SFKs (circled in purple in Fig. 3D ). In contrast, the unchanged proteins (shown in black) had fewer interactions.
Overall, the motif and PPI analyses support our interpretation that the phosphorylation sites most responsive to SFK perturbation tend to be functionally connected to SFKs. Many of the positively scoring "SFKresponsive" phosphopeptides in our complete results were not listed in HPRD as SFK substrates or interactors (Table 1 and table S3 ). Thus, the SFK perturbation list provides many new candidate SFK-linked phosphorylation events.
Overlap and biases in the network response patterns from SFK inhibition or overexpression
To test for differences in the response of the signaling network to distinct perturbations, we applied the SFK interaction and motif enrichment Table 1 . Top-ranked SFK candidate protein substrates and secondary targets based on correlated response to perturbations of SFK activity. Observed phosphorylation events are ranked using the SFK perturbation response scores from ‡The SFK interaction column indicates experimental evidence for SFK substrates and SFK protein-protein functional interactions (PPI) based on the HPRD database and is the basis for the enrichment analysis of Figs. 1C and 3B and table S1. In the HPRD database, SFK substrates are a subset of the SFK PPI set.
§The human-specific phosphopeptides come from the exogenous expression of Lyn and Hck.
analysis to the overexpression or drug inhibition experiments separately. For the Src motif results, the perturbation response score contributions from the overexpression experiments were primarily responsible for the observed enrichment, because phosphorylation sites ranked by drug response scores were not significantly enriched ( Fig. 3B and table S1 ). Furthermore, the ranking of phosphorylation sites on the basis of experiments in which we achieved qualitatively higher levels of overexpression of Lyn and Hck generated the most significant enrichment for SFK motifs (Fig. 3B) . Consensus motifs determined for the top 50 SFKresponsive phosphorylation sites resulted in an Src-like motif similar to the published motif when only the overexpression experiments were used in the ranking, as compared to when the motif was determined from the drug inhibition experiments ( fig. S6 ). In contrast, the SFK PPI and substrate results were more significant when ranking was based on only the dasatinib drug inhibition experiments ( Fig. 3B and table S1 ). In the analysis where proteins were ranked by drug response scores alone, we also noted a modest enrichment of SH2-containing proteins (table S1) . Thus, in addition to affecting SFK activity in opposite directions, SFK overexpression and drug inhibition perturb the signaling network somewhat distinctly and complementarily, with motif-based recognition more strongly affected by overexpression and PPI-based recognition more strongly affected by drug inhibition.
In parallel to the rank-based analysis, we also performed an unsupervised clustering-based analysis of the data (see Supplementary Materials for details), which identified two primary clusters of phosphorylation sites (fig. S7). One cluster was dominated by phosphorylation sites that exhibited increased phosphorylation in response to SFK overexpression and was relatively enriched for Src motifs (table S2) . The second cluster was associated with phosphorylation sites that exhibited decreased phosphorylation in the drug experiments and were relatively enriched for SFK PPIs and SH2 domain-containing proteins (table S2) .
Our combined rank-based and clustering results suggest that SFK drug inhibition and overexpression perturbation approaches tend to preferentially target protein complex-and Src motif-regulated phosphorylation events, respectively (Fig. 3E ).
Activation and overpowering of SFK negative feedback mechanisms by Bcr-Abl signaling
We noticed that several of the top-scoring phosphorylation sites belong to proteins previously characterized as negative regulators of SFKs: Ptpn18, Pag1, Dok1 and 2, and paxillin (Pxn) ( Table 1 and table S3 ). The overexpression of either Lyn or Hck increased the phosphorylation of three tyrosine residues of the transmembrane phosphoprotein Pag1 (Fig. 4A ). This adaptor protein specifically recruits the SFK negative regulator Csk to the plasma membrane (17) , which leads to the phosphorylation of the C-terminal regulatory tyrosine of SFK, causing the inhibition of its kinase activity. We also found that expression of the constitutively active viral form of Src, v-Src, increased the tyrosine phosphorylation of Pag1 at the same residues, either in the presence or in the absence of Bcr-Abl (Fig.  4A) . The overexpression of Lyn and Hck also increased the tyrosine phosphorylation of Pxn at the tyrosine residue Y 118 (Fig. 4A) . Pxn is a multidomain scaffold protein localized at focal adhesions. The phosphorylation of Y 118 creates binding sites for SH2 domain-containing proteins, including SFKs and Csk (37) . Lyn, Hck, or v-Src overexpression increased the tyrosine phosphorylation of the adaptor proteins Dok1 and Dok2 at specific residues (Fig. 4A ). Dok1 and Dok2 localize to the cytoplasm and bind SFKs and Csk (38, 39) . Because the tyrosine phosphorylation of specific residues of Pag1, Pxn, Dok1, and Dok2 has been reported to increase the local concentration of Csk near SFKs, our results overall indicate that Bcr-Abl-transformed cells respond to increased SFK activity by activating Csk-linked negative feedback targeted at the SFK inhibitory site.
Among the tyrosine phosphorylation events at the top of our ranked list, we also observed phosphorylation sites on Ptpn18, a phosphatase that inhibits SFK activity through the dephosphorylation of the positive regulatory tyrosine of the SFK activation domain (23) . We found that overexpression of Lyn, Hck, or v-Src increased the phosphorylation of Y 381 of Ptpn18 (Fig. 4A) . Furthermore, similar to the phosphorylation of Pag1 and Dok1, v-Src increased the phosphorylation of Ptpn18 Y 381 independently of Bcr-Abl (Fig. 4A) and Y 376 , is an SFK target substrate. Ptpn18 interacts with the SH2 domain of Csk, and the phosphorylation of tyrosines 354 and 381 is critical for this association (23) . This phosphorylation-regulated interaction with Csk is thought to increase the local concentration of Ptpn18 near active SFK signaling complexes to promote Ptpn18-mediated dephosphorylation of the SFK activation site. Thus, in the Bcr-Abl context, increased SFK activity appears to activate Csk-related feedback mechanisms targeted both at phosphorylation of the SFK inhibitory site and at dephosphorylation of the SFK activation loop.
Because Bcr-Abl activates SFKs ( fig. S8 ) (40), we analyzed whether Bcr-Abl expression alone, in the absence of SFK overexpression, also activated these SFK negative feedback mechanisms. In Bcr-Abl-transformed Ba/F3 cells, the phosphorylation of Pxn, Dok1 and 2, and Ptpn18 was induced compared to the parental cells (Fig. 4A) . Induction of Pag1 phosphorylation by Bcr-Abl could not be assessed from our data because the signal was below or near background in the parental and Bcr-Ablexpressing Ba/F3 cells, respectively, with induction not detectable until SFKs were overexpressed. These results suggest that SFK negative feedback loops are activated by expression of Bcr-Abl or v-Src alone and that in the presence of Bcr-Abl they are further activated by overexpression of SFKs. We hypothesize that the cell is attempting to down-regulate the oncogene-driven supraphysiological SFK signaling. Nonetheless, this attempt appeared unsuccessful because our global analyses indicated that SFKs remained active, phosphorylating downstream targets, suggesting that additional mechanisms that oppose and overpower the function of the negative feedback loops occur in these cells.
Several possible mechanisms acting through the regulation of tyrosine phosphorylation may counteract the SFK negative feedback loops. The most direct and expected mechanism that opposes the negative feedback loop is the Bcr-Abl-induced phosphorylation of the positive regulatory tyrosine in the activation domain of SFK ( fig. S8) (40) . We also detected a countermeasure to SFK negative feedback loops activated by Bcr-Abl. Bcr-Abl induces the phosphorylation of Y 584 of the Shp2 (Ptpn11) tyrosine phosphatase (Fig. 4B) . Phosphorylation of this residue typically positively influences Shp2 activity (41) . Shp2 promotes SFK activation by reducing phosphorylation of Pag1, thereby reducing the colocalization of Csk with SFKs (19) . Additionally, it has been proposed that Shp2 also decreases the phosphorylation of Y 118 of Pxn, thus reducing the binding of Pxn to Csk (19) . Phosphorylation of Y 584 of Shp2 was not increased by Lyn, Hck, or v-Src overexpression in p210 Bcr-Abl Ba/F3 cells, nor by v-Src expression in Ba/F3 cells, further classifying this event as Bcr-Abl-mediated and SFK-independent. Thus, the cooperative role of Shp2 in Bcr-Abl-mediated transformation may be due to derepression of SFK inhibition as well as its potential for enhancement of Bcr-Abl-activated Ras signaling (19, 42, 43) . A summary model of the Bcr-Abl and SFK signaling crosstalk and feedback mechanisms based on our results is shown in Fig. 4C .
Global inhibition of Bcr-Abl signaling by Csk independent from the kinase activity of Csk
Because Csk is a central player in limiting SFK activity, both directly through its ability to phosphorylate the inhibitory residue of SFKs and indirectly through its ability to scaffold proteins such as the phosphatase Ptpn18 that dephosphorylates the activating residue in SFKs, we evaluated Bcr-Abl Ba/F3 cells stably overexpressing this negative SFK regulator or the kinase-deficient mutant form (Csk K222R) (44) (Fig. 5A) . Two properties make Csk unusual among tyrosine kinases. First, current data indicate that Csk is a highly specific kinase that phosphorylates only the C-terminal tails of SFKs, promoting their inactivation, and this specificity is maintained when Csk is overexpressed (45) . Second, Csk is not regulated by the phosphorylation of its activation loop and thus is constitutively active (46) , which indicates that the kinase activity of Csk is mainly regulated by its localization in the cell. (Fig. 5A) . The effect of Csk overexpression on the global tyrosine phosphorylation profiles measured with our quantitative MS assay revealed a twofold or greater decrease in the tyrosine phosphorylation of a large group of phosphorylation sites (72 of 99 total) (Fig.  5B ). This effect varied from a mild reduction to a 30-fold decrease relative to Bcr-Abl Ba/F3 cells. Among the targets of these decreased phosphorylation events, we found known SFK substrates (Fig. 5C ) and events with high SFK perturbation response scores (events positively correlated with SFK activity) (Fig. 5D ), but we also found many Csk-repressed events that had low SFK perturbation response scores (Fig. 5D) .
In contrast to the general trend, we observed an increase in the phosphorylation of a small group of five phosphorylation sites upon overexpression of Csk (Fig. 5B ). This group included the Y 381 of Ptpn18 and Y 118 of Pxn (Fig. 5E ). Phosphorylation of Y 381 of Ptpn18 was decreased in a stable knockdown of Csk in p210 Bcr-Abl Ba/F3 (Fig. 5E  and fig. S9 ). We hypothesize that Csk protects the dephosphorylation of these sites through direct PPIs, which is consistent with previous findings (23) . Thus, the set of Csk-induced phosphorylation events overlapped with the Ptpn18 and Pxn phosphorylation events that were induced by increased SFK activity (Fig. 4) and were implicated in mediating critical protein-protein physical interactions involved in Csk-mediated regulation of SFK activity (see table S3 for the fold change data of all sites affected by Csk overexpression).
To distinguish between the functions of Csk that are mediated through its catalytic activity from those mediated through its role as an adaptor protein, we compared the phosphorylation changes caused by the kinasedeficient version of Csk (K222R) to those caused by overexpression of wild-type Csk. We found that the global effects on tyrosine phosphorylation mediated by Csk wild-type and Csk K222R were highly correlated (Fig. 5F) . Furthermore, the targets of this down-regulation included both candidate phosphorylation events occurring on SFK targets and SFK-independent phosphorylation events as defined by their SFK perturbation response score (Fig. 5, C and D) . Thus, we conclude that the overexpression of Csk in p210 Bcr-Abl Ba/F3 cells leads to the inhibition of Bcr-Abl and SFK signaling independently of the kinase activity of Csk and likely depends on its function as an adaptor protein, potentially by recruitment of phosphatases, such as Ptpn18, to the site of SFK activity (Fig. 4C) .
Rapid decay of SFK activation and substrate dephosphorylation upon Bcr-Abl inhibition
To further characterize events downstream of Bcr-Abl and SFKs, we inhibited Bcr-Abl with the Abl-targeted inhibitor imatinib (Gleevec) (7) and followed the decay kinetics of SFK regulatory phosphorylation events and downstream signaling. We observed an overall rapid decay, within 2 min, of the total phosphotyrosine signal as assayed by pan-specific phosphorylated Tyr immunoblotting (Fig. 6, A and B) . Using MS-based phosphoprofiling, we observed multiple clusters of phosphorylation events with a range of decay kinetics, including some nondecaying events ( Fig. 6C and table S4 ). One hypothesis for the range of decay kinetics observed upon Bcr-Abl inhibition is differential phosphatase regulation of, association with, or access to phosphorylated substrates within the context of the kinase-phosphatase kinetic equilibrium balance. We tested this hypothesis by evaluating whether the rapidly decaying phosphorylation events were more likely to occur on phosphatases and their interacting proteins and substrates (based on HPRD). In this enrichment analysis, we found that the phosphoproteins with the most rapid decay kinetics were enriched for phosphatase-associated proteins (Fig. 6C) .
When we assayed the same lysates for the abundance of the SFK regulatory phosphorylation events upon Bcr-Abl inhibition, we found rapid decay of the Src Y 416 activating phosphorylation that matched the kinetics of overall Tyr phosphorylation, whereas phosphorylation of the C-terminal negative regulatory phosphorylation (as measured by antibodies against Lyn Y 507 and Src Y 527 ) did not decay (Fig. 6B and fig.  S10 ). Bioinformatic enrichment analysis of the MS-measured phosphoproteins, ranked by their decay kinetics, indicated that the rapidly decaying events, which matched the kinetic pattern of pSrcY 416 dephosphorylation, were enriched for known SFK-interacting proteins and substrates (based on HPRD; Fig. 6C ). Together with the observation that the global effects on tyrosine phosphorylation of kinase-deficient Csk were highly similar to those of wild-type Csk in the context of Bcr-Abl signaling (Fig. 5F ), these results suggest that SFK-activating phosphorylation is a stronger determinant or indicator of SFK activity in a Bcr-Abl context than is overall SFK inhibitory C-terminal phosphorylation. However, it remains possible that the kinetic response of C-terminal phosphorylation of the Bcr-Abl-engaged subpopulation of SFKs is masked by other populations of SFKs that are in the inhibitory phosphorylation state.
SFK feedback indicators and sensitivity to Abl inhibition in human CML cell lines
As a preliminary test of the identified SFK regulatory mechanisms as candidates for dysregulation during BCR-ABL-positive leukemia progression and acquisition of ABL inhibitor resistance, we profiled two human CML cell lines with different sensitivities to imatinib. [Note: Nomenclature follows the HUGO convention of all capitals for human proteins and initial capitals for mouse proteins.] We first verified previous reports that the LAMA-84 cell line is more sensitive to imatinib treatment than is the K562 line (47, 48) (Fig. 7A) . Upon assessment of the phosphorylation and total amount of SFKs, CSK, and SHP2, we found that, whereas both cell lines had similar amounts of these proteins, their phosphorylation levels differed (Fig. 7B) 416 . Sustained SRC activity upon BCR-ABL inhibition has been previously reported (2) . As observed in our kinetic studies (Fig. 6) , phosphorylation of the SFK C-terminal negative regulatory site (pY 527 in SRC or pY 507 in LYN) did not change upon imatinib treatment. In both LAMA-84 and K562 cells, BCR-ABL inhibition by imatinib resulted in reduction of the amount of phosphorylated SHP2. In K562, this occurred despite sustained SRC active-site phosphorylation, providing further support that SHP2 phosphorylation is a BCR-ABL-mediated, SFK-independent event. These data are consistent with the interpretation based on our phosphorylation profiling-inferred model (Fig. 4C ) in which the greater abundance of phosphorylated SHP2 observed in LAMA-84 cells results in suppression of SFK negative feedback mechanisms. Accordingly, inhibition of BCR-ABL results in a decrease in BCR-ABL-mediated phosphorylation of SHP2 and, thus, a release of SHP2-mediated inhibition of the SFK negative feedback mechanisms. Although further studies are required, the apparent greater engagement of this BCR-ABL-mediated pro-signaling mechanism by LAMA-84 cells compared to that in the more imatinib-resistant K562 cells suggests that escape from SHP2-regulated SFK negative feedback mechanisms may result in increased resistance to BCR-ABL inhibition.
DISCUSSION
Despite the success of the drugs imatinib and dasatinib, subclasses of Bcr-Abl-driven leukemias remain difficult to treat (3, 12) , and intrinsic and acquired resistance to pharmacological treatment is often seen in the advanced blast crisis phase of CML and in Bcr-Abl-positive B-ALL (4). Several findings have pointed to the relevance of SFKs in distinct subtypes of Ph+ leukemias, as well as their association with resistance to imatinib treatment (1, 9-11). Here, we have applied global quantitative phosphorylation approaches (24, 49, 50) to delineate the structure of Bcr-Abl and SFK signaling networks in a Bcr-Abl-driven cell line model of leukemia and to reveal potential mechanisms of drug resistance. We found that two different perturbations of the SFK signaling network-stable overexpression of Src family members and drug inhibition of SFK activity-affected overlapping lists of phosphorylation events. However, the lists were enriched for different properties. Our dose-response inhibition experiments with dasatinib tended to perturb phosphorylation sites of proteins enriched for PPIs with SFKs. In contrast, and LYN pY 507 ; note that these phosphorylation-detecting antibodies cross-react with multiple SFKs due to phosphorylation motif homology). In addition, lysates were probed for total protein abundance of SHP2, LYN, CSK, and ACTIN.
the overexpression of Lyn or Hck tended to increase the phosphorylation of proteins containing Src motifs. We hypothesize that phosphorylation sites affected by dasatinib treatment (or inhibition of the kinase activity of SFKs in general) commonly belong to proteins that form stable complexes with SFKs and their associated adaptor proteins. On the other hand, the phosphorylation sites that tend to be affected by the overexpression of Lyn and Hck may be phosphorylated through less stable kinase active site-protein phosphorylation site interactions, and therefore, the presence of an Src motif favors their phosphorylation (Fig. 3E) . The distinguishable contribution of both motif guidance and protein interaction guidance to kinase specificity has been observed in other targeted and network-wide studies of signal transduction (51, 52) . The unbiased nature of the MS phosphorylation assay allows us to simultaneously measure hundreds of phosphorylation events and their coordinated response to different perturbations with which we reconstructed regulatory circuitry. Examination of our top-ranked SFK-responsive phosphorylation sites and the corresponding literature suggested that several feedback mechanisms regulating SFK activity operate in Bcr-Abl-expressing cells. From the combination of our data and previously reported mechanisms, we defined a model of three SFK negative feedback mechanisms that are activated in Bcr-Abl-expressing hematopoietic cells (Fig. 4G) . The core of this model involves the phosphorylation of the phosphatase Ptpn18 and the adaptor proteins Pag1 and Pxn and the interactions of these proteins with the negative regulator Csk. , which is critical for the recruitment of Csk (17, 18), we did find the coordinated increase in the tyrosine phosphorylation of three other Pag1 residues upon Lyn or Hck overexpression, suggesting that these residues may also play a related role in SFK feedback regulation. Whether Ptpn18, Pxn, Pag1, and Csk act through the formation of one or multiple complexes, or through one or more mechanisms, remains to be determined. Underscoring the potential oncogenic relevance of Csk-centered protein interaction mechanisms for SFK regulation is a report that colon cancer cell invasion is induced by Pag1-mediated membrane delocalization of Csk (53) .
Because phosphorylation of SFK substrates that are not involved in negative feedback mechanisms also increased upon SFK overexpression, we speculated that a second layer of positive feedback counteracting the negative regulation is operating in Bcr-Abl cells. We propose two mechanisms through which positive regulation occurs. One comes from the constitutive activation of SFKs by Bcr-Abl, which, as previously shown in myeloid cells, may also involve their stable protein-protein association (40) . A second mechanism may involve the phosphatase Shp2, which increases both SFK activity and Ras-ERK (extracellular signaling-regulated kinase) pathway activation by reducing the recruitment of Csk through the dephosphorylation of Pag1 and Pxn (19, 43) and which has been implicated in Bcr-Abl-mediated transformation (42) . We observed that the phosphorylation of Shp2 at Y 584 was increased by Bcr-Abl expression, but SFKs did not appear to mediate this phosphorylation (Fig. 4B) . Moreover, this tyrosine residue of Shp2 is a direct substrate of the kinase c-Abl (54) . Our data suggest that Shp2 becomes activated after its phosphorylation by Bcr-Abl at residue Y 584 (and possibly other residues) and contributes positively to SFK activation by dephosphorylating Pag1 and Pxn and thus limiting Csk recruitment. Our finding that Bcr-Abl activates Shp2 phosphorylation in an SFK-independent fashion further links the signaling function of Shp2 to its phenotypic consequences in leukemic transformation (42) .
An interesting role for Csk, the negative regulator of SFK, has emerged from our profiling experiments. Upon Csk overexpression, we observed a consistent decrease of a large number of phosphorylation events as well as an increase in the tyrosine phosphorylation of a small group of phosphorylation sites. Among the down-regulated sites, we found both SFK-dependent and SFK-independent phosphorylation events (Fig. 5D) . Unexpectedly, we found that this global inhibitory effect on tyrosine phosphorylation was not dependent on the kinase activity of Csk because the kinase-deficient version of Csk (the K222R mutant form) generated a similar profile (Fig. 5F ), suggesting that Csk functions in this context primarily as an adaptor protein. The SH2 and SH3 domains of Csk, in addition to the kinase domain, are important for regulating its inhibitory function (55) . The SH3 domain permits Csk association with tyrosine phosphatases PEP and PTP-PEST (56), whereas the SH2 domain interacts with the tyrosine phosphatase Ptpn18 (23). Because we observed that SFK perturbations affected the tyrosine phosphorylation of Ptpn18, we hypothesize that Ptpn18 may mediate the system-wide phosphotyrosine down-regulation observed upon Csk overexpression (Fig. 5B) . In fact, Ptpn18 Y 381 is among the few phosphorylation events that increased upon Csk overexpression of both the wild-type protein and the kinase-deficient mutant, which is consistent with previous observations that suggest binding to Csk protects Ptpn18 from dephosphorylation (23) . Increased Csk abundance may increase the local concentration of Ptpn18, and possibly other phosphatases, by mediating their recruitment to foci of SFK activity. Our results suggest that, at least in the context of a Bcr-Abl-driven leukemia system, Csk exerts an inhibitory function on tyrosine phosphorylation through its adaptor properties as well as through its kinase activity. Kinase-independent mechanisms of repression of SFK signaling by the Csk family member, Chk (57), and adaptor-like functions of other kinases, such as the kinase Zap70 (58), have also been identified.
We also observed that in a Bcr-Abl context the phosphorylation of the C-terminal tyrosine residue of SFK was not a strong indicator of SFK activity. In vitro, autophosphorylation of Src family members Src and Yes can block their inactivation by Csk phosphorylation (59) . In vivo, the phosphorylation of the activation domain tyrosine antagonizes inhibition by increasing the accessibility of the SH3 domain to non-self protein interactions (60) , leading to a model in which an SFK, once activated, may be less prone to C-terminal inhibitory site regulation so that an initial input signal produces a positive feedback regulation of SFK activity (60) . In Ph+ leukemias, Bcr-Abl provides a high and constant source of activation for SFK. Thus, the constitutive activity of BcrAbl may provide a context in which the phosphorylation of the C-terminal negative regulatory tyrosine is a less efficient mechanism for regulating SFK activity than other mechanisms that directly modulate the phosphorylation status of the SFK activation domain tyrosine, such as through Ptpn18.
Despite the clear induction of several SFK negative feedback mechanisms by Bcr-Abl, Src signaling undergoes a net activation upon the introduction of the Bcr-Abl oncogene ( fig. S8) (40) . Although Bcr-Abl activation of SFK signaling outweighs SFK negative feedback mechanisms, SFK signaling can still be reduced by enhancing the negative feedback pathways, as exemplified by the reduced SFK substrate phosphorylation upon increased expression of Csk (Fig. 5C ). These results suggest that increased SFK signaling in subsets of Bcr-Abl-driven leukemias may, in part, be due to deficiencies in SFK negative feedback acquired during tumor progression and acquisition of drug resistance (10, 18, 53, 61) . Examination of two human CML cell lines with differential imatinib sensitivity provided preliminary support for this candidate resistance mechanism (Fig. 7) .
The network-wide perturbation and phosphorylation profiling approach allowed us to reconstruct portions of the Bcr-Abl and SFK signaling network that are active in the context of a model of BcrAbl-driven leukemia. The application of this approach to other leukemia contexts should help delineate rewiring of the network during disease progression and acquisition of drug resistance and delineate network differences between different hematopoietic lineages with distinct clinical leukemia characteristics. The signaling events described here offer candidate targets for molecular diagnostics and therapies related to SFK involvement in Bcr-Abl-driven leukemias.
MATERIALS AND METHODS
Plasmids, antibodies, and kinase inhibitors
The pMSCVneo-Lyn and pMSCVneo-Hck plasmids were generated by subcloning the full-length corresponding human complementary DNA (cDNA) (IRAT-IRAU collections from Open Biosystems, Thermo Scientific), respectively, into the Eco RI and Eco RI-Xho I sites of the pMSCVneo retroviral vector (Clontech). A 2.1-kb fragment, obtained by partial Eco RI digestion of the pCR4-TOPO plasmid (IRAT collection, Open Biosystems) and containing the full-length human cDNA of Csk, was inserted into the Eco RI site of the pMSCVneo vector to generate the pMSCVneo-Csk plasmid. pMSCVneo-Csk was used as template for site-directed mutagenesis performed with the QuikChange mutagenesis kit (Stratagene) to generate the pMSCVneo-CSKK222R mutant plasmid. The pMSCVpuro-p210Bcr-Abl plasmid and the pMSCVpurop210T315A and pMSCVpuro-p210T315I mutant constructs have been reported elsewhere (28) . pMSCVpuro-vsrc was created by polymerase chain reaction (PCR) amplification of the env and v-src coding sequences from pMvsrc (a gift from H. Herschman) (62) and subcloning this insert into the Bgl II and Xho I sites of pMSCVpuro (Clontech). The pMSCVneop210Bcr-Abl plasmid, used to generate the p210 Ba/F3 neomycin-resistant cell line recipient for knockdown experiments, was made by subcloning the 6.9-kb Eco RI fragment from the pMSCVpuro-p210Bcr-Abl plasmid into the same site of pMSCVneo vector. The LMP-CskShRNA plasmid used for knockdown experiments was generated by subcloning two separate microRNA-adapted hairpins directed toward Csk, shRNAmir (Open Biosystems), from the PSM2 vector (Open Biosystems) into the Eco RI/Xho I sites of the LMP retroviral vector (puromycin resistance; Open Biosystems). The hairpin sequences are TGCTGTTGACAGTGAGCG-CGGGCATCATCCCAGCCAACTATAGTGAAGCCACAGATGTA-TAGTTGGCTGGGATGATGCCCTTGCCTACTGCCTCGGA (ShRNACsk1) and TGCTGTTGACAGTGAGCGACCTTGTGA-GATGGAATCAATATAGTGAAGCCACAGATGTATATTGATTC-CATCTCACAAGGCTGCCTACTGCCTCGGA (ShRNACsk2). Bold letters indicate the postprocessing 22-nucleotide microRNA. In each case, all constructs were transiently transfected by the calcium phosphate method into 293T cells to assess by immunoblot either the correct protein expression or the knockdown efficiency. Antibodies used for immunoblot analysis include antibodies that recognize Lyn or Csk (Santa Cruz Biotechnology); pSrcY 416 , pLynY 507 , or pSrcY 527 (Cell Signaling); phosphotyrosine (clone 4G10, Upstate-Millipore); and actin (SigmaAldrich). Immunoblots were quantitatively analyzed by Odyssey Infrared Imaging System (LI-COR). The kinase inhibitors used in this work, dasatinib (BMS-354825) and Gleevec (STI571) (both from ChemieTek), were both prepared as 20 mM stock solutions in dimethyl sulfoxide (DMSO). Stock solutions were diluted in cell culture media and added directly to cells. The final concentration of DMSO was 0.0025% in the dose-response experiments and 0.00125% in the time course kinetic experiments across all samples.
Cell lines and culture
Pro-B, lymphoid, Ba/F3 cells transformed with the wild-type, T315A, and T315I isoforms of Bcr-Abl p210 have been described previously (24) . These cells display similar amounts of Bcr-Abl abundance and signaling as Ph+ patient leukemia primary samples. Stable overexpression of Lyn, Hck, Csk, or Csk K222R, or stable knockdown of Csk in the p210 Ba/F3 cell line, was obtained by retroviral infection of the corresponding virus-containing supernatant as previously described (28) . High infection efficiency was achieved by infecting 0.5 × 10 6 p210 Ba/F3 cells with 3 ml of undiluted viral supernatant, collected at 48 hours, through spinduction (1800 rpm, 90 min at 34°C) in the presence of polybrene (4 mg/ml). Lower infection efficiency, resulting in lower overexpression of Lyn and Hck, was obtained by omitting the spinduction step and infecting 2 × 10 6 p210 Ba/F3 cells. Infected cells were selected for at least 2 weeks in RPMI 1640 medium (Cellgro, Mediatech) with 10% fetal bovine serum (FBS) (Omega Scientific) and penicillin/streptomycin in the presence of either G418 (1 mg/ml; Sigma) or puromycin (1 mg/ml; Sigma). Cells were cultured in the presence of antibiotic also during expansion before MS analysis. Cell lysates for immunoblot and MS analysis were lysed by sonication in urea buffer [8 M urea, 50 mM tris-HCl (pH 7.5), and 1 mM vanadate]. The K562 and LAMA-84 CML cell lines were obtained from DMSZ.
Drug inhibition kinetic and dose-escalation experiments
To measure the short-term (de)phosphorylation kinetics after imatinib treatment, we adapted a protocol with a rapid ethanol-fixation step (63) . For this, p210 Bcr-Abl Ba/F3 cells were grown in RPMI medium with 10% FBS. The medium was replaced with fresh RPMI supplemented with 0.5% FBS to prevent serum protein precipitation in the ethanol-fixation step. After 1 hour of equilibration time, the time course was initiated by the addition of 2.5 mM imatinib or the respective volume of the solvent (DMSO). At the indicated time points, the incubation was terminated rapidly by addition of 80% (v/v) ethanol at −20°C. The cells were collected by centrifugation, washed with phosphate-buffered saline (PBS), and lysed by sonication in urea buffer. For cellular drug sensitivity experiments, 2 × 10 5 cells/ml were plated with the indicated concentrations of imatinib, and cell viability was assessed after 48 and 96 hours by trypan blue exclusion. The EC 50 for normalized viable cells was determined with the drc analysis package (64) . In all dose escalation panels, each sample was treated with a single dose for the indicated amount of time.
Phosphopeptide immunoprecipitation, quantitative analysis by MS/MS, and identification by fragmentation spectra sequencing and chromatography alignment Bcr-Abl p210 Ba/F3 cells expressing various control, SFK, and Csk plasmids were grown, processed, and analyzed by MS two to four times independently. Phosphotyrosine peptide immunoprecipitation was performed with pan-specific anti-phosphotyrosine antibodies (clone 4G10, Millipore) using 2 × 10 8 cells (30 mg of total protein) as previously described (24, 26) .
Phosphorylated peptides were analyzed by LC-MS/MS with an Eksigent autosampler coupled with a Nano2DLC pump (Eksigent) and LTQ-Orbitrap (Thermo Fisher Scientific). The samples were loaded onto an analytical column (10 cm, 75 mm inside diameter) packed with 5 mm Integrafit Proteopep2 300 Å C18 (New Objective). Peptides were eluted into the mass spectrometer with a high-performance liquid chromatography (HPLC) gradient of 5 to 40% buffer B in 45 min followed by a quick gradient of 40 to 90% buffer B in 10 min, where buffer A contained 0.1% formic acid in water and buffer B contained 0.1% formic acid in acetonitrile. All HPLC solvents were Ultima Gold quality (Fisher Scientific) . Mass spectra were collected in positive ion mode with the Orbitrap for parent mass determination and with the LTQ for data-dependent MS/MS acquisition of the top five most abundant peptides. Each sample was analyzed twice (replicate runs), and in each run one-half of the sample was injected. MS/MS fragmentation spectra were searched with SEQUEST (Version v.27, rev. 12, Thermo Fisher Scientific) against a database containing the combined human-mouse International Protein Index (IPI) protein database (downloaded December 2006 from ftp.ebi.ac.uk). Search parameters included carbamidomethyl cysteine (*C) as a static modification. Dynamic modifications included phosphorylated tyrosine, serine, or threonine (pY, pS, pT, respectively) and oxidized methionine (*M). Results derived from database searching were filtered using the following criteria: Xcorr >1.0(+1), 1.5(+2), 2(+3); peptide probability score <0.001; dCn >0.1; and mass accuracy <5 ppm (parts per million) with Bioworks version 3.2 (Thermo Electron Corp.). Samples TAdasa(1) and TAdasa (2) were processed with a QSTAR XL (Applied Biosystems) mass spectrometer and Mascot database search engine (Matrix Science)-based MSDB database searches as previously described (24, 26) . We estimated the false-positive rate of sequence assignments at 0.5% on the basis of a composite target-reversed decoy database search strategy (65) . A score was used to more accurately localize the phosphate on the peptide (66) .
As is common in data-dependent MS2 fragmentation sequencing, some peptides identified by sequencing in one sample may not be sequenced or identified in another sample even if the peak is present. Peptide peaks sequenced in some samples but not in others were located in the remaining samples by aligning the chromatogram elution profiles by means of a dynamic time warping algorithm (67) . An extended explanation of the strategy used in this work, and example performance results, can be found in the supporting information of Zimman et al. (26) .
Relative amounts of the same phosphopeptide across samples run together were determined with custom software from our laboratory to integrate the area under the unfragmented (MS1) monoisotopic peptide peak (24, 26) . All peaks corresponding to phosphosites discussed in the text were inspected manually, and any errors in the automated quantitation were corrected. Thirteen percent of more than 20,000 phosphopeptide peaks were randomly chosen and inspected manually, and less than 3% of these were found to have greater than 20% errors in their quantitative values. Note that the changes in the abundance of phosphopeptides observed with the pan-specific anti-phosphotyrosine-based purification and MS could be influenced by posttranslational modifications occurring on residues neighboring the site of phosphorylation that are still within the anti-phosphotyrosine antibody epitope footprint. This possibility should be kept in mind when interpreting or validating such results.
Figures S11 and S12 show a schematic of the MS analysis pipeline and examples of peak alignments and quantitation results ( fig. S11 ) and global changes in the amount of phosphorylation upon SFK perturbation compared to differences between biological replicates (fig. S12). Figure S13 shows unsupervised clustering of phosphorylation profiles from independently derived biological replicates. The Cluster and TreeView programs were used to cluster and visualize the phosphorylation profiling data as heat maps (68 Incorporation of SILAC amino acids and conversion of arginine to proline was tested with culture media with four different concentrations of heavy L-arginine that were equimolar to light L-arginine (100, 150, 200, and 275 mg/liter) and the standard concentration of heavy L-lysine. Ba/F3 cells expressing both Bcr-Abl and Csk (p210 + Csk cells) that were adapted to light SILAC RPMI medium were (i) split 1:10 to heavy SILAC RPMI medium, incubated for 2 days; (ii) split 1:50, incubated for 3 days; and (iii) after 3 more days, split 1:2 each day (10+ doublings). Cells were lysed with mRIPA buffer [1% NP-40, 0.25% sodium deoxycholate, 0.15 M NaCl, 1 mM EDTA, 50 mM tris (pH 7.4), and proteinase and phosphatase inhibitors]. Protein (50 mg) was separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), the gel was Coomassie-stained, and clearly stained bands were excised and subjected to an in-gel digestion protocol (71) . Mass spectrometric analysis and MS2 fragmentation-based peptide identification were done as described above. For evaluation, the MS1 peak integration areas of heavy-and light-isotope peptide ions were compared manually, and the heavy amino acid incorporation rate was 97.2 ± 0.5%. Only a slight difference in arginine-to-proline conversion was observed for the four different arginine concentrations, and thus, the standard concentration of L-arginine (200 mg/liter; refers to the molecular weight of light amino acid) was used for the subsequent phosphoprofiling experiments. At this L-arginine concentration, the arginine-to-proline conversion rate was 5.4 ± 0.3%.
Ba/F3 cells expressing both Bcr-Abl and either an empty pMSCVpuro vector (p210 vector control cells) or Csk (p210 + Csk cells) that had been adapted to light SILAC RPMI medium were expanded in two biological replicates following the cell culture procedure described above for the incorporation determination experiment: p210 cells were expanded in light SILAC RPMI medium and p210 + Csk cells in heavy SILAC RPMI medium. Cells were harvested as in our previously described label-free protocol (24, 26) . For each replicate, 40 mg of p210 (light isotope-labeled) and 40 mg of p210 + Csk (heavy isotope-labeled) were combined before the reduction, alkylation, trypsinization, and subsequent phosphopeptide purification steps.
Phosphorylated peptides from each of two independent tissue culture and expansion replicates were analyzed in two technical replicate runs each by LC-MS/MS. Search parameters were as described above with the addition of the dynamic modifications for heavy-isotope arginine (+10.00827 daltons) and lysine (+8.01420 daltons). For quantification of the heavy-and light-isotope peptide ions, the same quantification pipeline as for the label-free approach was used-with the adjustment that for each peptide ion both the light and the corresponding heavy elution peak were integrated. A comparison of label-free and SILAC isotope-based quantitative MS results showed strong agreement (R = 0.95) ( fig. S14, A to C) .
Data analysis
The number of unique phosphorylation sites identified in our experiments was determined by collapsing multiple phosphopeptide ions representing the same phosphorylation site. Multiple detections of the same phosphosite include phosphopeptides of different ion charge state, modification (for example, oxidized methionine), and miscleavage by trypsin. Multiple detections were compared to ensure no disagreement in trend, and the MS ion with the highest intensity across the samples in an experimental batch was kept as representative for subsequent data analysis. The residue numbers listed for phosphosites correspond to the indicated IPI accession number. Consensus phosphorylation motifs were calculated with WebLogo (72).
Perturbation response score-based ranking
Phosphorylation sites were ranked on the basis of their SFK perturbation response score determined by summing the log of the fold change in the SFK activation experiments (SFK overexpression) and subtracting the sum of the log fold change in the low-dose samples (5 and 25 nM) of the SFK drug inhibition experiments. Thus, phosphorylation events with a high score tend to be induced when SFK activity is increased and repressed when activity is inhibited. Phosphorylation events with a low score are anticorrelated with SFK activity, and those with a score relatively close to zero are unresponsive to SFK perturbation. When indicated, only the SFK overexpression or only the SFK drug inhibition experiments were used to determine a subscore. The drug sensitivity scores of Fig. 1C are such an example. The Csk perturbation response score was similarly defined using the Csk overexpression experiments. Phosphosites were ranked by their individual perturbation response scores, and for protein-oriented analysis, proteins were ranked by the average perturbation response score for all phosphosites detected on the protein. Estimated P values for the observed fold changes used in the calculation of perturbation scores are based on the like sample distributions in fig. S12 , using Fisher's method to combine individual P values (73) and Benjamini and Hochberg multiple hypothesis false discovery rate (FDR) correction (74) .
Enrichment analysis for SFK substrates, interacting proteins, and motifs
Perturbation response score-based ranked lists of phosphosites and phosphoproteins were analyzed to test whether the more SFK perturbation responsive events were enriched for SFK-related properties. Phosphosite lists were analyzed for enrichment of phosphosites that contain the consensus "Src Kinase" phosphorylation motif as defined by the Scansite resource using low stringency (34) . Protein lists were analyzed for enrichment of SFK protein-protein functionally interacting (PPI) proteins and SFK substrates [based on the HPRD database (33) ] and SH2 domaincontaining proteins [based on the InterPro database (35) ]. In the HPRD database, SFK substrates are a subset of the SFK PPI set. The statistical significance of enrichment was determined by "hypergeometric distributionbased permutation analysis." Ranked lists annotated with the presence or absence of the SFK property of interest were scanned using all possible rank thresholds for the point of maximal enrichment as defined by the minimal hypergeometric distribution-based P value. Permutation analysis was then performed by randomly reassigning the perturbation response scores used for ranking and repeating the full analysis, including the calculations of average protein response score when analyzing protein-oriented lists and the scanning of all thresholds. The fraction of permutation cases resulting in a minimum hypergeometric P value less than or equal to the observed minimum value was then defined as the permutation-based frequency of random occurrence, that is, the permutation-based P value. This procedure is analogous to the permutation approach used in Gene Set Enrichment Analysis (75) . Comparison permutation P values for the likelihood of the observed difference in P value between the drug inhibition and overexpression cases were calculated as the fraction of permutation cases where the absolute value of the difference in drug and overexpression log P values was lower than in the observed case. Because proteins with negative average SFK perturbation response scores were also found to be slightly enriched for SH2 domains, for this enrichment analysis proteins were ranked by the absolute value of their response scores. Phosphorylation events on exogenously added proteins (Lyn, Hck) were excluded from the enrichment analysis.
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